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E-mail address: gunter.meister@vkl.uni-regensburmicroRNAs (miRNAs) are small non-coding RNAs with fundamental roles in the regulation of gene
expression. miRNAs assemble with Argonaute (Ago) proteins to miRNA-protein complexes (miR-
NPs), which interact with distinct binding sites on mRNAs and regulate gene expression. Speciﬁc
miRNAs are key regulators of tissue and organ development and it has been shown in mammals that
miRNAs are also involved in the pathogenesis of many diseases including cancer. Here, we have
characterized the miRNA expression proﬁle of the developing murine genitourinary system. Using
a computational approach, we have identiﬁed several miRNAs that are speciﬁc for the analyzed tis-
sues or the developmental stage. Our comprehensive miRNA expression atlas of the developing gen-
itourinary system forms an invaluable basis for further functional in vivo studies.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
microRNAs (miRNAs) are small, 22 nucleotide (nt) long, single
stranded, non-coding RNAs that regulate gene expression by tar-
geting speciﬁc sites in the 30 UTRs of messenger RNAs (mRNAs)
[1–5]. MiRNA genes are transcribed mainly by RNA polymerase II
as primary transcripts (pri-miRNAs), which are processed in the
nucleus by the microprocessor complex that contains the RNase
III enzyme Drosha. The resulting stem-loop-structured miRNA
precursors (pre-miRNAs) are transported to the cytoplasm, where
another RNase III enzyme, Dicer, cleaves off the loop of the
pre-miRNA and generates a double stranded intermediate. Such
molecules are unwound and one strand gives rise to the mature
miRNA. The other strand, referred to as miRNA*, is degraded.
Mature miRNAs are actively loaded into miRNA-protein complexes
(often referred to as miRNPs or miRNA-containing RNA silencing
complexes – miRISCs) [4,5]. A member of the Argonaute protein
family, which speciﬁcally anchors the 50 as well as the 30 end of
the miRNA, forms the core of miRNPs. Ago proteins are the actualchemical Societies. Published by E
logy, Max-Planck-Institute of
, Germany.
g.de (G. Meister).mediators of RNA silencing whereas miRNAs function as guides
that direct miRNPs to speciﬁc functional sites on target mRNAs [6].
miRNAs repress gene expression by guiding mRNA degradation
processes or by inhibiting translation without affecting mRNA sta-
bility. It has been reported that miRNAs repress translation of spe-
ciﬁc target mRNAs on the level of initiation or elongation [3,7,8].
Moreover, miRNAs have also been implicated in the activation of
gene expression by inducing translation up-regulation of target
mRNAs [9–11].
High throughput screenings of cell lines and animal models
identiﬁed more than 700 miRNA genes in mammals, which are in-
volved in numerous cellular processes such as cell cycle progres-
sion, cell differentiation, cell death or developmental timing. To
study miRNA function in higher eukaryotes, knock out mice of dif-
ferent miRNAs or miRNA processing enzymes have been generated
in recent years. Dicer knockout (KO) mice exhibit a lethal pheno-
type during early development [12]. Interestingly, conditional
deletion of Dicer KOs in speciﬁc organs like retina, liver, gonads
and kidney, resemble characteristics that are found in human dis-
eases as well [13].
Despite the latest studies, the biological roles of miRNAs during
earlier developmental processes remains elusive in many aspects,
mainly because miRNAs have a wide spectrum of possible targetlsevier B.V. All rights reserved.
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time speciﬁc expression and regulation. During the formation of
the genitourinary system, early events are ﬁnely tuned, and the
disruption of this orchestrated process leads to different kinds of
abnormalities.
The mesonephros or Wolfﬁan duct (WDs) are constituted at the
embryonic day E11.0 of poorly differentiated cells with mesoder-
mal origin and mesonephric tubules within the urogenital ridge
mesenchyme [14,15]. The mesonephros will form tubulis connect-
ing the adult male gonads to the prostate and in females only
inclusions will remain in the adult ovary. The metanephros starts
forming at the embryonic day 10.5 when the ureteric bud triggers
the WDs, stimulating the metanephric mesenchyme that sur-
rounds it. This event promotes the differentiation of the metaneph-
ros to mature kidneys in mammals. At the embryonic day E11.5 the
ureteric bud starts branching. The metanephros is formed by con-
densing mesenchymal cells and the ﬁrst epithelial tubulis; stromal
supporting tissue and mesenchymal cells surrounding the develop-
ing kidney [15]. At the embryonic days E12 and E13 the ureteric
bud continues branching. At this stage the metanephros are
formed of epithelial nephritic tubulis; stromal and metanephric
mesenchymal zones and mesenchymal cells surrounding the
developing kidney [15].
The initial stages of gonadal development (and that of the gen-
ital ducts) are identical in female and male embryos, thus generat-
ing urogenital rudiments of the ambisexual stage of sex
differentiation. In males, beginning at E12.5 to E13, the mesenchy-
mal cells within the gonadal rudiment aggregate and condense
into epithelial cords, which will become the seminiferous tubules.
In female at E13, the ovary has a relatively featureless internal
structure in contrast to males [14,16]. Thus these embryonic days
are key stages during the development of adult kidney and gonads.
To identify, which miRNAs are expressed at certain stages dur-
ing early genitourinary formation, we generated 12 miRNA cDNA
libraries from mouse mesonephros, metanephros and gonads from
the stages during development E11, E12, E13 as well as adult go-
nads and kidney. We sequence the cDNA libraries by deep
sequencing and validated the expression of a number of miRNAs
by qPCR and Northern blotting. We performed a PAM analysis to
ﬁnd tissue and stage speciﬁc miRNA clusters to generate a miRNA
expression proﬁle of the developing urogenital system that sets the
basis to understand their role during development and adult tissue
maintenance and the differences in their expression proﬁles.2. Materials and methods
2.1. Tissue collection
Tissues were collected by micro-dissection from wild type CD-1
(WT-CD-1) mouse embryos in the stages or days post coito (dpc)
E11, E12, E13 with a ±0.5 days from mesonephros, kidneys (meta-
nephros), testis and ovaries and ﬁnally adult tissues from the same
organs. All the embryonic tissues were kept on ice in sterile PBS
buffer. We dissected different numbers of embryos according to
the embryonic stage and tissue size, to obtain at least 20 mg of tis-
sue from each sample. The E11 embryos were identiﬁed by their
telosomite number.
2.2. miRNA isolation and cDNA library construction
The miRNA libraries were generated by Vertis Biotech (Freising,
Germany). Total RNA was isolated and enriched using the miRVana
miRNA isolation Kit (Ambion, Texas, USA). The enriched total RNA
was then run in denaturing 12.5% polyacrylamide gels to separate
different RNA populations. The RNAs were precipitated withethanol and dissolved in water. The RNAs obtained were poly-A-
tailed using poly-A polymerase followed by ligation of a RNA adap-
ter to the 50 phosphate of the poly-A-tailed RNAs: 50-GCCTCCCTCGC
GCCATCAGCTNNNNGACCTTGGCTGTCACTCA-30. First strand cDNA
synthesis was performed using an oligo-dT linker primer and an
M-MLV-RNase H reverse transcriptase. The resulting cDNAs were
then PCR ampliﬁed to about 20 ng/ll using the high ﬁdelity poly-
merase Phusion (Finnzymes).
Next a PCR reaction was performed for every library. Different
adapters were used per library. The adapter plus the miRNA ampli-
cons were sized between 119 and 134 bp. All the amplicons were
run in a 6% PAGE gel. The concentration of each amplicon was cal-
culated by their intensity on the gel. The band was eluted from the
gel using Nucleospin Extract II (Machirey and Nagel). 15 ng/ll was
delivered to 454 technologies to be sequenced.cDNA libraries were
obtained corresponding to each tissue and developmental stage.
Those libraries were sequenced in parallel at 454 life sciences
(Brandford, USA) as previously described [17].
2.3. Validation of miRNA expression via qRT-PCR
qRT-PCR analysis of miRNA expression was performed accord-
ing to the protocol described by Hurteau et al. [18]. One organ of
adult origin or three E13.5 stage derived embryonic organs were
pooled and used for RNA extraction using Trifast reagent (Peqlab).
400 ng of each sample were used for the polyA-tailing reaction
(Ambion). Half of the polyA-tailing reaction was used for cDNA
synthesis using polyA-tail speciﬁc adapter primer: 50-AAC GAG
ACG ACG ACA GAC TTT TTT TTT TTT TTT V-30 (V represents A, G
or C).
The following primers were used for qRT-PCR: PCR-reverse pri-
mer: AAC GAG ACG ACG ACA GAC TTT. Forward primer for miRNA
detection: mmu-let7b: 50-TGA GGT AGT AGG TTG TGT GGT T-30,
mmu-miR-126-5p: 50-CAT TAT TAC TTT TGG TAC GCG-30, mmu-miR-
17: 50-CAA AGT GCT TAC AGT GCA GGT AG-30, mmu-miR-351:
50-TCC CTG AGG AGC CCT TTG AGC CTG-30, 18S-control primer:
CGT AGG TGA ACC TGC GGA A-30.
2.4. Computational identiﬁcation of known ncRNAs and novel miRNA
candidates
Approximately 300.000 raw sequences were obtained from
454 sequencing. To identify known non-coding RNAs in these se-
quences we compiled a comprehensive database of ncRNAs. This
set consisted of mouse miRNA and miRNA* sequences obtained
from Sangers’s miRBase [19], large and small subunits of ribo-
somal RNAs in mouse (LSU/SSU rRNAs) from the SILVA database
[20] as well as 21 mouse tRNAs. We also included other mouse
non-coding RNAs (snoRNAs, snRNAs, long non-coding RNAs) from
the NONCODE v2.0 database [21] and Piwi-interacting RNAs (piR-
NAs) from piRNABank [22]. In addition we used mRNAs of house-
keeping genes Hprt1, Gapdh and ASCC3L1 to assess the
conﬁdence level in our annotation (due to possible degradation
products).
All 454 reads were compared to this database using NCBI blastn
[23]. A read was identiﬁed as an ncRNA only if it showed a hit
against the database with a reported e-value of less than 0.01. If
several hits below this threshold were found, the one with the
smallest value was chosen for annotation.
To analyze possible miRNA candidates, all sequences that were
not annotated by the previous procedure were mapped to the
mouse genome NCBI Build 37 [24] using blastn. We only retained
hits to the genome that showed an e-value smaller than 0.1 and
that did neither fall into coding regions of the mouse genome
nor regions annotated as repeats or transposons. Overlapping hits
were grouped into consecutive hit-regions. Subsequently, the
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Fig. 1. Small RNA cloning from mesonephros, ovary, testes and kidney from different developmental stages as well as from adult tissues. (A) Schematic representation of the
developing genitourinary system. Dashed circles highlight the dissected tissues. (B) Small RNA cloning products from E12 tissues (lanes 2–5), E13 tissues (lanes 6–9), adult
tissues (lanes 10, 11 and 13) and the tissue of the E11 stage (lane 12) were analyzed by agarose gel electrophoresis. Lanes 1 and 14 represent DNA size markers. (C) Summary
of the cloned and annotated reads from the individual libraries.
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was evaluated for miRNA candidate genes. Therefore, we calcu-
lated the regions’ minimal free energy RNA structure using rnafold
from the Vienna package [25]. Only sequences that folded into a
hairpin structure, that contained more than 80% pairing positions
and had the original hit located in a paired region of the structure
were considered for further evaluation using the miR-abela web-
interface [26].
2.5. Identiﬁcation of tissue- or stage-speciﬁc miRNAs
The speciﬁcity of a miRNA for a tissue t (or developmental
stage) of interest was deﬁned as the miRNA’s above average occur-
rence in the library of that tissue. Therefore, we computed for each
miRNA the difference DmiRNA(t) between its average occurrence in
tissue t and its average occurrence in the libraries of all other tis-
sues. For instance, Dlet-7(kidney) was calculated as:
Dlet-7ðkidneyÞ ¼ ðE11let-7 þ E12Klet-7 þ E13Klet-7 þ AdultKlet-7Þ=4
 ðE12Tlet-7 þ E13Tlet7 þ AdultTlet-7 þ E12Olet-7
þ E13Olet7 þ AdultOlet-7Þ=6
where the ﬁrst term stands for the average occurrence of let-7 in
the libraries of all developmental stages of kidney (i.e. E11, E12K,
E13K and AdultK), while the second term quantiﬁes the miRNA’s
presence in non-kidney stages (i.e. E12T, E13T, AdultT, E12O,E13O, AdultO). Values of DmiRNA(t) > 0 indicate higher, DmiRNA(t) < 0
lower average occurrence of the miRNA in tissue t, respectively. To
detect an overproportionally high (or low) presence for a certain
miRNA we compared its speciﬁc DmiRNA(t) to the overall distribution
of D(t) for all miRNAs in tissue t. The 0.01 and 0.99 quantiles (Q0.01,
Q0.99) of D(t) were chosen as cutoffs and miRNAs with DmiRNA(t) <
Q0.01 and DmiRNA(t) > Q0.99 were described as under- or over-
represented, respectively.
We calculated the distributions of D(t) for kidney, testes and
ovaries (Fig. 3A–C) and applied an analogous strategy for develop-
mental stages E12, E13 and Adult (Fig. 4A–C). In each case, under-
and overrepresented miRNAs were identiﬁed based on the above
cutoffs.3. Results and discussion
3.1. Small RNA proﬁle of tissues from the mouse genitourinary system
Mesonephros, metanephros and gonads were dissected from
the genitourinary system of developing mouse embryos as well
as adult mice. All tissues were isolated from wild-type CD-1 mouse
embryos (Fig. 1A). Small RNA libraries were generated by cloning
and the amount as well as the quality of the cloning products were
analyzed by agarose gel electrophoresis (Fig. 1B). As evident from
the agarose gel, all libraries were comparable in terms of the
Table 2
Top 30 miRNAs found in mesonephros tissues.
Top 30 known miRNAs in mesonephros
Annotated miRNAa e = 0,01 % of total readsb
E11 E12 E13
mmu-miR-101b 0.57 0.29 0.13
mmu-miR-106b 6.66 3.35 4.14
mmu-miR-107 1.54 0.35 0.13
mmu-miR-125b-5p 0.71 2.07 0.24
mmu-miR-126-5p 1.65 0.62 0.42
mmu-miR-134 0.76 1.70 0.59
mmu-miR-151-5p 1.27 1.43 1.35
mmu-miR-152 0.83 1.14 1.68
mmu-miR-15b 2.03 0.68 2.04
mmu-miR-16 0.95 0.57 0.80
mmu-miR-17 9.50 3.30 14.10
mmu-miR-199a-5p 0.82 0.27 0.07
mmu-miR-199b 10.92 7.64 22.31
mmu-miR-200b 0.67 1.70 1.78
mmu-miR-20a 0.92 0.36 0.89
mmu-miR-210 1.28 0.17 0.03
mmu-miR-214 3.10 0.46 0.74
mmu-miR-218 1.19 4.04 1.34
mmu-miR-23a 0.83 0.97 2.02
mmu-miR-23b 2.40 2.12 4.33
mmu-miR-25 6.56 3.73 6.56
mmu-miR-27b 1.51 0.91 1.29
mmu-miR-320 0.60 2.28 0.24
mmu-miR-322 1.56 0.35 0.47
mmu-miR-351 1.09 3.13 0.41
mmu-miR-615-3p 0.71 1.92 0.71
mmu-miR-652 5.08 12.53 6.00
mmu-miR-92b 0.90 0.81 0.59
A.L.G. Aguilar et al. / FEBS Letters 584 (2010) 4426–4434 4429quantity as well as the quality of the small RNA products (Fig. 1B,
lanes 2–13). The individual libraries were subsequently sequenced
using 454 sequencing technology. The number of obtained reads
ranged from 12 954 in adult ovaries to 37 563 in E13 mesonephros
(Fig. 1C). Many of the reads of each library matched to known and
annotated miRNAs. However, a large number of so far not anno-
tated sequences were obtained as well. Of note, piRNA sequences
were only found in signiﬁcant amounts in adult testes. Interest-
ingly, piRNAs are not present in developing E11, E12 and E13 testes
suggesting that piRNA expression is restricted to adult testis.
The most abundant miRNA in the kidney libraries was identiﬁed
as miR-199b (Table 1). However, read numbers for miR-199b chan-
ged during development and are reduced in adult tissues. A similar
expression pattern was observed for miR-25. Reciprocally, the
expression of miR-106b and miR-652 is higher in adult kidney
compared to stages E12 and E13 (Table 1). In mesonephros tissues
derived from the developmental stages E11, E12 and E13, the most
abundant miRNAs are miR-199b, miR-652, miR-25 and miR-17
(Table 2). In the testes tissues, there were generally less miRNAs
in the adult tissues compared to the embryonic tissues (Table 3).
The most abundant miRNAs are miR-199b, miR-17 and miR-625.
In ovaries, the expression of the let-7 family is increased during
development, whereas the expression of miR-200c and miR-194
is reduced (Table 4).
Our results may reﬂect that different biological processes are
turned on and off during individual embryonic stages of each spe-
ciﬁc tissue and therefore the expression of diverse small RNA pop-
ulations is required to regulate such processes.miRNA expression
proﬁles of kidney, gonad and testes tissues have been performedTable 1
Top 30 miRNAs found in kidney tissues.
Top 30 known miRNAs in kidney
Annotated miRNAa e = 0,01 % of total readsb
E12 E13 Adult
mmu-let-7c 0.48 0.79 0.46
mmu-miR-106b 2.10 6.24 5.19
mmu-miR-126-5p 0.28 0.78 0.62
mmu-miR-134 0.37 0.36 0.49
mmu-miR-151-5p 1.31 1.24 1.29
mmu-miR-152 0.43 1.55 0.64
mmu-miR-15b 2.89 4.46 1.97
mmu-miR-16 1.38 1.23 0.93
mmu-miR-17 8.28 14.36 7.17
mmu-miR-196a 3.68 1.75 0.37
mmu-miR-199b 21.22 8.79 6.45
mmu-miR-200b 2.06 2.42 0.47
mmu-miR-200c 1.49 1.21 0.20
mmu-miR-20a 1.94 1.16 0.64
mmu-miR-214 0.29 0.53 0.80
mmu-miR-218 1.50 1.73 1.50
mmu-miR-23a 0.73 0.99 1.11
mmu-miR-23b 3.16 5.22 2.71
mmu-miR-25 14.22 8.41 5.54
mmu-miR-26a 0.54 0.48 0.53
mmu-miR-26b 1.55 1.27 0.64
mmu-miR-27b 2.73 2.49 1.48
mmu-miR-322 0.56 0.61 2.31
mmu-miR-351 0.34 0.39 2.75
mmu-miR-361 0.36 0.32 0.45
mmu-miR-374 0.37 0.22 0.39
mmu-miR-433 0.25 0.25 0.96
mmu-miR-615-3p 0.59 0.41 0.52
mmu-miR-652 1.35 3.85 4.70
mmu-miR-92b 1.10 0.76 1.51
a The samples were collected at ±0.5 embryonic days.
b Known miRNAs from miRBase from sanger http://www.mirbase.org/.
c Normalized data agains the total number of reads found on each library.
mmu-miR-93 0.80 0.25 0.89
mmu-miR-99b 0.65 0.85 0.36
a The samples were collected at ±0.5 embryonic days.
b Known miRNAs from miRBase from sanger http://www.mirbase.org/.
c Normalized data agains the total number of reads found on each library.before [13,27,28]. Many of these studies, however, have analyzed
adult tissues only or speciﬁc cell types of the respective organs
[29–31]. Consequently, it is difﬁcult to compare the results with
our data. Differences in the miRNA proﬁling may derive from dif-
ferent technologies (qPCR, microarray, deep sequencing) as well
as read numbers that have been generated and cloning protocols
that have been used. Interestingly, Ho et al. have analyzed a limited
number of miRNAs in adult kidney by Northern Blotting and found
that let-7c, miR-23b, miR-24 and miR-26a are highly abundant in
adult kidney. All these miRNAs are found in our adult kidney
library as well [30].
3.2. Validation of miRNA expression by qPCR
miRNA cloning requires the ligation of adapters to the miRNA
ends, which may cause a bias towards miRNAs that are preferen-
tially ligated to the adapters. Therefore, we validated our sequenc-
ing data by qPCR (Fig. 2). Total RNA from kidney, testes and ovary
tissues derived from embryos with the developmental stage E13.5
as well as adults was isolated and further analyzed. To validate our
sequencing data, miRNAs miR-17, miR-351, miR-126-5p and let-7b
were chosen from the individual miRNA lists for qPCR analysis. In-
deed, the most miRNAs showed a similar expression levels when
analyzed by qPCR or deep sequencing. All qPCR experiments were
normalized to 5S rRNA and similar results were obtained when the
7SK RNA was used for normalization. Of note, we did not succeed
to validate miR-351 expression in kidney indicating that the two
methods can, at least to some extend, produce different results.
However, the expression levels of six out of seven miRNAs were
comparable between the qPCR and deep sequencing suggesting
Table 3
Top 30 miRNAs found in testes tissues.
Top 30 known miRNAs in testes
Annotated miRNAa e = 0,01 % of total readsb
E12 E13 Adult
mmu-miR-106b 4.46 3.68 0.23
mmu-miR-107 1.51 0.83 0.37
mmu-miR-125a-5p 0.51 0.35 0.08
mmu-miR-126-5p 0.63 0.44 0.35
mmu-miR-134 0.93 0.96 0.02
mmu-miR-151-5p 0.99 1.14 0.85
mmu-miR-152 0.74 2.52 0.33
mmu-miR-15b 2.04 1.12 1.51
mmu-miR-16 1.15 0.38 0.95
mmu-miR-17 5.29 7.91 0.59
mmu-miR-199a-5p 0.61 0.23 0.12
mmu-miR-199b 8.11 9.86 0.53
mmu-miR-20a 0.68 0.31 0.12
mmu-miR-210 0.67 0.12 0.32
mmu-miR-214 0.96 1.45 0.01
mmu-miR-218 1.59 1.71 0.17
mmu-miR-23a 0.86 0.70 0.47
mmu-miR-23b 2.25 2.15 0.66
mmu-miR-25 6.16 5.89 2.39
mmu-miR-26a 0.58 0.34 0.11
mmu-miR-26b 0.79 1.06 0.07
mmu-miR-27b 1.84 0.86 0.38
mmu-miR-320 2.45 1.51 0.38
mmu-miR-322 1.52 0.38 0.16
mmu-miR-351 2.28 1.61 0.10
mmu-miR-433 0.59 1.12 0.00
mmu-miR-652 4.09 6.85 1.20
mmu-miR-92b 1.48 0.54 0.13
mmu-miR-93 0.98 0.48 0.10
mmu-miR-99b 0.95 0.60 0.09
a The samples were collected at ±0.5 embryonic days.
b Known miRNAs from miRBase from sanger http://www.mirbase.org/.
c Normalized data agains the total number of reads found on each library.
Table 4
Top 30 miRNAs found in ovary tissues.
Top 30 known miRNAs in ovary
Annotated miRNAa e = 0,01 % of total readsb
E12 E13 Adult
mmu-let-7a 0.83 1.04 2.11
mmu-let-7b 1.37 0.25 4.96
mmu-let-7c 2.01 2.72 8.47
mmu-miR-106b 1.00 2.93 1.09
mmu-miR-107 1.23 0.33 1.47
mmu-miR-125b-5p 0.79 0.55 0.93
mmu-miR-126-5p 5.60 0.25 4.49
mmu-miR-151-5p 1.95 1.45 1.54
mmu-miR-152 1.03 1.16 1.13
mmu-miR-15a 1.38 0.18 0.70
mmu-miR-16 1.61 0.52 1.20
mmu-miR-185 1.15 0.05 0.40
mmu-miR-187 1.60 0.04 0.05
mmu-miR-190 1.41 0.03 0.13
mmu-miR-192 0.91 0.01 0.02
mmu-miR-194 2.81 0.01 0.09
mmu-miR-199b 1.92 9.20 6.28
mmu-miR-200b 5.26 0.91 1.21
mmu-miR-200c 1.09 0.55 1.14
mmu-miR-218 1.21 0.83 0.19
mmu-miR-22 1.09 0.02 0.68
mmu-miR-23a 3.70 0.91 5.44
mmu-miR-23b 8.59 3.03 8.47
mmu-miR-25 1.45 5.10 1.50
mmu-miR-26b 0.81 0.68 0.46
mmu-miR-27a 1.02 0.03 1.13
mmu-miR-27b 6.85 0.82 3.64
mmu-miR-320 1.06 0.98 1.40
mmu-miR-378 1.54 0.00 0.59
mmu-miR-652 2.85 9.39 3.79
a The samples were collected at ±0.5 embryonic days.
b Known miRNAs from miRBase from sanger http://www.mirbase.org/.
c Normalized data agains the total number of reads found on each library.
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sion levels.
3.3. miRNA candidate reads
In all libraries, we found in total 1464 reads from 1117 differ-
ent genomic regions that did not match any known coding or
non-coding RNA and that did not fall into repetitive or coding-
regions. Folding of a region of approximately 100 nt upstream and
downstream of the reads revealed that all these reads derive from
hairpin structures. These novel miRNA candidates are typically
represented in low read numbers compared to other miRNAs
present in our libraries. We further analyzed a number of the
miRNA candidates and were indeed able to validate one of them
as novel miRNA by Northern blotting (Table 5 and data not
shown).
3.4. Clustering of the different libraries
Using a computational approach, we analyzed possible correla-
tions between the miRNA expression patterns of the individual li-
braries (Fig. 3). Indeed, some libraries clustered closely together
indicating similar miRNA proﬁles. E12 kidney (E12.K) and E13 kid-
ney (E13.K) clustered together, whereas adult kidney (adult.k) did
not cluster with E12 and E13 kidney. These data suggests that dif-
ferent miRNA regulatory networks are active in embryonic and
adult kidney. All testes libraries clustered closer together and only
some individual miRNAs show changed expression patterns. Inter-
estingly, the miRNA expression patterns of adult (Adult.O) and E12
ovaries (E12.O) are rather unique and cluster closely together. E13ovaries (E13.O), however, cluster with E13 testes (E13.T) suggest-
ing that testes and ovaries may use similar cellular pathways in
the E13 stage of development. All other stages, however, seem to
differ signiﬁcantly. No clear conclusions can be drawn for E11,
the stage that contains precursors for testes, ovaries and kidney
and also mesonephros.
3.5. Tissue-speciﬁc miRNAs
It was the aim of our miRNA proﬁling study to identify miRNAs
that are speciﬁc for tissues as well as developmental stages within
the developing genitourinary system. Therefore, we analyzed the
distribution of individual miRNAs within the deep sequencing li-
braries by calculating the difference D between the average occur-
rence of a speciﬁc miRNA in a library of tissue of interest and its
average occurrence in the libraries of the other tissues (see Section
2 for further details). Positive values of D point to an overrepresen-
tation and negative values to an underrepresentation of the spe-
ciﬁc miRNA in that tissue compared to its occurrence in other
tissues. Using this computational approach, we ﬁnd that miR-
23b, let-7c, miR-126-5p and miR-23a are much more abundant
in the different ovary tissues than in any other tissue suggesting
that the expression of these miRNAs is important for the proper
function and development of mouse ovaries (Fig. 4A, right part).
Furthermore, miR-25, miR-17, miR-199b and miR-106b are under-
represented in ovary-derived tissues (Fig. 4A, left part). For kidney
tissues we found that miR-199b, miR-17, miR-25 and miR-106b
were highly abundant (Fig. 4B, right part), whereas miR-126-5p,
let-7c and let-7b were underrepresented (Fig. 4B, left part). The
analysis of the miRNA proﬁles obtained from the different testis
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Fig. 2. MiRNA expression analysis by qRT-PCR. Fold change of miRNA expression in embryonic stage E13.5 compared to adult tissue is depicted in the graphs. Adult tissue
expression levels are set to one. For each analysis one adult tissue and two different embryonic tissue pools (three embryonic tissues each) were analyzed. The mean
expression value is calculated using 18S rRNA as control, according to the DDCt method.
Table 5
A novel miRNA candidate identiﬁed from the mouse genome.
Candidate miRNA Stem-loop structures of putative miRNA precursorsb dGb (kcal/mol) Genomic locationc
Novel murine miRNA
mmu-mir-3473ba
                                                                    T     
CTGAGCCATCTCTCCAGCCC - - AAGAT   A
GACTCGGTAGAGAGGTCGGGAATTTTG   /
                           G
42.2 Chr. 10B2
a Names of the putative new miRNA sequences are according to the submission to miRBase.
b RNA secondary structure prediction and free energy calculation have been done using mfold version 3.2. The miRNA sequences are underlined.
c The genomic location of murine miRNAs are referring to the positions in murine chromosomes according to the assembly from Ensembl (http://www.ensembl.org/).
A.L.G. Aguilar et al. / FEBS Letters 584 (2010) 4426–4434 4431tissues revealed that miR-743a, miR-470, miR-320 and miR-351
were overrepresented (Fig. 4C, right part) whereas miR-27b, miR-
17, miR-199b and miR-23b were less abundant compared to the
other libraries (Fig. 4C, left part).Interestingly, all miRNAs that are highly abundant in the li-
braries that are derived from kidney tissues were underrepre-
sented in the libraries obtained from testis or ovary tissues
suggesting that speciﬁc miRNA expression patterns are important
Fig. 3. Clustering of the individual libraries. The head map represents all miRNAs that have been found in the individual libraries.
4432 A.L.G. Aguilar et al. / FEBS Letters 584 (2010) 4426–4434for tissue identity during the development of the genitourinary
system.
3.6. Developmental stage-speciﬁc miRNAs
MiRNA expression proﬁles that are speciﬁc for the analyzed
developmental stages were analyzed next. For this purpose, we
proceeded analogously to the identiﬁcation of tissue-speciﬁc
miRNAs (Fig. 4). We found that miR-199b, miR-25, miR-27b and
miR-200b are highly abundant in all E12 and E13 libraries (Fig. 5A
and B, right part). Strikingly, the same miRNAs together with
miR-106b and miR-17 are underrepresented in adult tissues
(Fig. 5C, left part) indicating miRNA expression speciﬁcity during
embryonic development. Reciprocally, let-7a and let-7b are low
abundant in the E12 and E13 tissue libraries but highly abundantin the libraries obtained from adult tissues (compare Fig. 5A–C).
In adult tissues, where most cells are terminally differentiated
and all organs are fully developed a different set of miRNAs is
expressed that might facilitate homeostasis by ﬁne-tuning the
expression of target mRNAs.
In summary, we have analyzed miRNA expression patterns of
the developing genitourinary system in mouse using miRNA clon-
ing and deep sequencing. We report a miRNA expression atlas
that can be used for further functional analyses of the individual
miRNAs during kidney as well as gonad development. Using
computational approaches, we further identiﬁed kidney- as well
as testis- and ovary-speciﬁc miRNAs in the genitourinary system.
It has been demonstrated before that many miRNAs play impor-
tant roles during animal development in many different organisms.
In addition, miRNAs are also expressed in adult, fully differentiated
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Fig. 4. Distributions of differences between average occurrence of miRNAs in tissue
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Fig. 5. Distributions of differences between average occurrence of miRNAs in tissue
t compared to non-t tissues for (A) E12, (B) E13 and (C) adult. Over- and
underrepresented miRNAs are shown to the right and to the left of each graph.
A.L.G. Aguilar et al. / FEBS Letters 584 (2010) 4426–4434 4433cells, where they contribute to cell identity by regulating the
expression of various genes. Consistently, we ﬁnd that the miRNA
expression pattern differs signiﬁcantly between the embryonic and
the adult tissues. Further analysis of the individual miRNAs includ-
ing the identiﬁcation of their targets in different developmental
stages will help to elucidate the function of miRNAs in the genito-
urinary system. Since various diseases includingWilm’s tumour af-
fect the genitourinary system our data also provide the basis forfurther analysis of such diseases in mouse models or human
tissues.
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